They store cytotoxic and digestive agents which when released are involved in the defense against infection. In order to characterize the intragranular distribution of these agents, ultrastructural methods using immunogold were used on promyelocytes. Azurophil granules were divided into nucleated, large spherical (large azurophil) and small electron-dense (small azurophil) granules. Myeloperoxidase showed a peripheral distribution of large arurophils and a uniform distribution of small and nucleated arurophils, consistent with previous findings. Likewise, the major neutral proteases of azurophils, cathepsin G, granulocyte elastase, and proteinase 3, displayed a similar distribution, with a
Azurophil granules are heterogeneous, which may be a constitutive feature or may be related to maturation. They show a great variation in electron density, size, and shape, and their classification has been controversial." Large spherical granules and crystal-containing elongated granules were originally identified by electron micro~copy.~"~ In addition a subpopulation of granules was distinguished by their small size, high electron density, and strong peroxidase rea~ti0n.l~ Small granules were suggested to be packaged later than the large, less electron-dense ones.
The primary granules have been separated by density centrifugation into two subpopulation^.^^'^ However, it has been difficult to physically resolve the granule subtypes, although an isolation of many azurophil granule fractions from mature neutrophils has been reported using isopyknic centrifugation in Percoll gradients.I6 A substantial dissimilarity between neutrophil granules was observed, which was not consistent with a simple two-granule model of azurophil and specific granules. A recently detected class of small cationic polypeptides, defen~ins'~ was localized to the largest azurophil granu l e~.~ The defensin-containing granules demonstrated peripheral peroxidase activity and essentially negative reactivity in the central core, corresponding to a peroxidase rim-staining pattern noted previou~ly.'~~~'~ Granulocyte elastase has been co-localized with MP0 in azurophil granules.Y.'8.'Y C larly.
peripheral localization in large azurophils and a uniform distribution in small and nucleated azurophils, except for proteinase 3, which was associated with the crystalloid structure in nucleated azurophils. In contrast, the bactericidal/ permeability increasing protein, which is bacteristatic and bactericidal for Gram-negative bacteria, was localized to the membrane area in all types of azurophil granules, consistent with a suggested association of this protein with the granule membrane. The observed differences in intragranular distribution of the proteins investigated may reflect variations in binding to matrix structures and granule membranes. In the study reported here we applied an immunogold ultrastructural method in order to determine the localization of the of azurophil granule constituents MPO, BPI, cathepsin G, elastase, and proteinase 3. Azurophil granules have been divided into nucleated azurophils, large spherical granules (large azurophils), and small electron-dense granules (small azurophils).
MATERIALS AND METHODS

Isolation of immature myeloid cells.
Bone marrow was obtained from five healthy volunteers by sternal puncture after obtaining informed consent. The aspirate was mixed with 3 mL McCoy's medium (Sigma, St Louis, MO) containing 100 IU of heparin and 75 U of Varidase (Lederle, Madrid, Spain). The marrow cells were suspended by suction through a needle (0.8 X 80 mm), mixed with an equal volume of 2% dextran (Dextran T 500; Pharmacia Fine Chemicals, Uppsala, Sweden) in 0.9% sodium chloride and left at room temperature for 30 to 45 minutes to allow the red cells to sediment. The plasma supernatant was collected and centrifuged at 200 X g for 5 minutes. The pellet was suspended in 3 to 5 mL of McCoy's medium containing 1% fetal bovine serum (FBS) and the cell concentration adjusted to 30 X lo6 cells/mL.
A modified Percoll (Pharmacia) density gradient method'' was applied to enrich immature myeloid cells. Five milliliters Percoll with a density of 1.065 g/mL in a 10 mL centrifuge tube (Falcon Plastics, Los Angeles, CA) was overlaid with 2 to 4 mL of the bone marrow cell suspension. Centrifugation was done in a swing-out rotor at 700 X g for 20 minutes. The cells at the interphase were collected and washed in McCoy medium with 1% FBS.
The fractions containing a high percentage of promyelocytes were collected and fixed in 1 % glutaraldehyde plus 3% formaldehyde in 0. I mol& phosphate buffer, pH 7.2, for 2 hours at 22T, and were then washed three times in phosphate buffer. Dehydration was carried out in graded acetone, followed by embedding in Epon (Polarbed 8 12; Polaron Equipment Ltd, Watford, England).
Mature neutrophil granulocytes were isolated from heparinized blood taken from healthy volunteers, by dextran-sedimentation. After sedimentation of red blood cells for 40 minutes at 22"C, the leukocyte-rich supernatant was removed and centrifuged at 300 X g for 8 minutes. The cell pellet was resuspended and washed three times in Hank's balanced salt solution, fixed in I % glutaraldehyde at 4°C for 30 minutes, and processed for peroxidase cytochemistry. In a medium containing 5 mg 3-3' diaminobenzidine (Sigma) and 100 p L 1 % H?02 in 10 mL 0.05 molL TRIS HCI buffer, pH 7.2, cells were incubated for 1 hour. Cells were postfixed for 1 hour in I % glutaraldehyde at 22°C and washed three times in phosphate buffer. Cells were then embedded in glycol methacrylate, as described elsewhere." Postfixation osmification was omitted. Ultrathin sections (50 nm) were collected on gold grids coated with Formvar.
Promyelocytes were also fixed in 1 % (wt/vol) glutaraldehyde for 1 hour at 4°C and embedded in glycol methacrylate (GMA). The use of Epon as embeddment medium provided a better contrast compared with GMA. However, Epon impaired the labeling intensity and gave a higher background for proteinase 3 and BPI, compared with GMA. Nucleated and small azurophils were more difficult to detect in GMA-embedded specimens. All proteins investigated were examined in both Epon-and GMA-embedded specimens.
Antisera. Anti-MP0 serum was produced by immunizing of rabbits as previously described." Antiserum to cathepsin G was also obtained by immunizing rabbits." Mono-and polyclonal antibodies to proteinase 3 were generous gifts from Dr Jens Liidemann, Lubeck. Germany and Dr Jorgen Wieslander, Lund, Sweden. Rabbit antiserum to elastase was a kind gift from Dr Kjell Ohlsson, Malmo, Sweden. Antiserum to BPI was obtained by immunization of rabbits.24 All antisera were diluted in phosphate-buffered saline (PBS) supplemented with 0.1 % bovine serum albumin (Sigma).
Immunocytochemical staining procedures. Ultrathin sections mounted on Formvar-coated gold grids were prepared. During incubations, the grids were floated on the surface of droplets. The sections were incubated with 0.5% bovine serum albumin for 30 minutes followed by overnight incubation at 4°C or for 1 hour at room temperature with antiserum in various dilutions. After extensive rinsing in PBS, sections were incubated with the protein A-gold complex with a gold-particle size of I O and 15 nm, or with gold-labeled secondary goat anti-mouse or goat anti-rabbit antibody with a goldparticle size of I O nm (Bio Cell, Cardiff, Wales) for 1 hour at room temperature followed by rinsing with distilled water, and staining with 2% uranyl acetate for 10 minutes and lead citrate for 1 minute. Examination was performed in a JEOL EM 200, or a Philips CM I O electron microscope. Three different specimens were examined for elastase and BPI, four for M P 0 and cathepsin G, and five for proteinase 3.
Controls. The following controls were included: replacement of primary antibody with serum from nonimmunized animals at the same dilutions as the specific antibodies; staining with the protein Agold complex or gold-labeled secondary polyclonal antibody alone.
Quantitative analysis qf the immunogold labeling. The density of gold particles over subcellular compartments was evaluated quantitatively according to the method described by Weibel et In this analysis, nine micrographs from three Epon-embedded specimens were investigated. Antibodies bound to proteins were visualized by protein A-coupled 10 nm gold particles. The density of labeling of various organelles was expressed as the number of gold particles per square micrometer (Table I) . l n addition the density of labeling in the peripheral 50% of the granule area was compared with the central 50% in large and small azurophils in these micrographs (Table 2 ). Statistical analysis was performed by use of Student's paired t test with P < .05, P < .01, and P < .OOl regarded as levels of significance. Due to a low number of nucleated azurophils observed and difficulties in determining the area of the crystalloid structure, this comparison was not performed on such granules.
RESULTS
Promyelocytes and diaminobenzidine-reacted mature neutrophil granulocytes were examined. No labeling was obtained in the population of peroxidase-negative specific granules of mature neutrophils, for the proteins investigated (figures not shown). Due to poor ultrastructural morphology of mature neutrophil granulocytes, conclusions about the intragranular distribution in peroxidase-positive azurophil granules could not be made. Promyelocytes were enriched from bone marrow aspirates by centrifugation on Percoll. About one-third of the cells obtained were identified as promyelocytes by their typical appearance. Contaminating cells were myeloblasts, myelocytes, and a few eosinophils. Large, small, and nucleated azurophil granules of promyelocytes could be readily distinguished on electron micrographs. An apparently empty space was often seen between the electrondense portion of large azurophils and their border. This might be due to shrinkage of the granule matrix during dehydration.
Myeloperoxiduse. M P 0 as revealed by anti-MP0 and visualized by protein A-gold was consistently observed in three distinct compartments of promyelocytes (Fig 1 and Table 1 ). A rim-like localization in association with the granule periphery was observed in the large azurophil granules, as previously reported.' This localization was further supported by morphometrical analysis (Table 2) . Large azurophils are more electron dense at the periphery than in the matrix, suggesting differences in composition between the peripheral and central parts. Small and nucleated azurophil granules showed a homogenous localization of immunolabeled MPO, which was confirmed by morphometrical analysis in small azurophils (Table 2 ). Some M P 0 was seen over the endoplasmatic reticulum and in the space between cells, representing background staining of specimens.
Cathepsin G. Cathepsin G, detected by the binding of specific rabbit antibodies to cathepsin G, visualized by protein A-gold or secondary goat anti-rabbit antibody with colloidal gold attached, was present in all three types of azurophi1 granules of promyelocytes. It was uniformly distributed in the small and nucleated granules, including the crystalloid structure (Fig 2 and Tables 1 and 2) . In large azurophils, cathepsin G was preferentially localized at the periphery. Morphometrical analysis revealed that approximately twothirds was localized to the peripheral 50% of granule area Gold particles per square micrometer. Analysis performed on nine representative cells derived from three different specimens (mean 2 SEM). The number of large, small, and nucleated azurophil granules counted is indicated in).
although the peripheral distribution was somewhat weaker than for the other proteins investigated ( Table 2) .
In bone marrow cells embedded in GMA, the labeling can be seen in the Golgi vesicles and in the azurophil granules of early promyelocytes (Fig 2B) . No labeling was observed over the endoplasmatic reticulum.
Granulocyte elastase. Elastase was detected by specific rabbit antibodies to elastase, visualized by protein A-gold. It was present at the periphery of large azurophil granules of promyelocytes (Fig 3 and Tables l and 2 ). In the small granules, elastase appeared to be uniformly distributed. The intragranular distribution in nucleated azurophils could not be determined because of weak labeling. No labeling was observed over the endoplasmatic reticulum.
Proteinase 3. Proteinase 3 of promyelocytes was detected by use of four different monoclonal antibodies and one polyclonal antibody. The monoclonal antibodies were visualized by a secondary goat anti-mouse antibody with 10 nm colloidal gold attached. In addition one of the monoclonals could be visualized by protein A-gold complex. The polyclonal antibody was visualized by a secondary goat antirabbit antibody coupled to 10 nm colloidal gold. Identical labeling patterns were obtained during all conditions used.
Large azurophil granules showed a weak, rim-like reaction in the granule periphery, but several of these granules were not labeled, probably due to low antigen concentration. In contrast, small azurophil granules displayed a uniform distribution of proteinase 3 (Fig 4 and Tables 1 and 2 ). The immunolabeling of small azurophils was stronger than in large azurophils, indicating a difference in concentration of proteinase 3. The crystals of nucleated azurophils were strongly labeled (five nucleated azurophils observed), (Fig  4B) . No labeling was observed over the endoplasmatic reticulum. BactericidaVpermeability increasing protein. BPI was detected by rabbit antibodies and visualized by protein Agold or secondary goat anti-rabbit antibody with colloidal gold attached. Large azurophil granules of promyelocytes contained BPI, localized at the periphery (Fig 5 and Tables  1 and 2 ) similar to the localization of MPO, elastase, and cathepsin G. BPI of small and nucleated azurophil granules was also observed in a rim-like, membrane-associated fashion, in contrast to the localization of MPO, elastase, and cathepsin G of such granules. No labeling was detected over the endoplasmatic reticulum.
Controls. Experiments performed with sera from nonimmunized rabbits and mice at the same dilutions as the specific antibodies did not show any labeling, neither did staining with the protein A-gold complex or goldlabeled secondary monoclonal antibody alone (figs not shown).
DISCUSSION
We have tried to make a more complete characterization than was previously available of the precise intragranular distribution of major protein constituents of azurophil granules of myeloid cells. These proteins play a role in host defense as antimicrobial agents and digestive enzymes. They can have both intracellular and extracellular functional roles. The results have a bearing on the packaging and release of granule proteins and emphasize the heterogeneity of azurophi1 granules.
MP0 is a major constituent of the azurophil granules, having an important role in the oxygen-dependent microbicidal systems of neutrophils.26 Its biosynthesis, processing, and sorting have been de~cribed.~' A certain complexity is suggested for the granular distribution of MPO. First, distinct forms of M P 0 have been reported to be packaged into subpopulations of azurophils." Second, the peroxidase activity has been reported to have a rim-like distribution associated with the granule periphery in large (high density) azurophils16 and a uniform activity in small (low density) azuroFor personal use only. on October 30, 2017. by guest www.bloodjournal.org From Fig 1. (A) Electron micrograph of a promyelocyte stained for localization of MP0 with rabbit antibody to human MP0 followed by incubation with protein A-gold complex. Gold-labeled antibody is present in a rim-like fashion in large azurophil granules (fine arrows), and uniformly distributed in small azurophi1 granules (bold arrows). Cell embedded in Epon. Size of gold particles, 10 nm (original magnification For personal use only. on October 30, 2017. by guest www.bloodjournal.org From 
-" ". p h i l~. '~ Our findings for the localization of MP0 with immunogold support previous findings of differing distributions between large and small azurophils. Using peroxidase-histochemistry it has previously been shown that the crystalloid structure of nucleated azurophils lack peroxidase-activity.I3
The bulk of the azurophil granule content in human neutrophils consists of proteases with a neutral pH optimum. Elastase in particular can give rise to tissue injury, as in lung emphysema and glomerulonephritis, when protease inhibitors are saturated or excluded." Cathepsin G exhibits antibacterial activity independent of protease activity."' The three proteases investigated by us showed similar intragranular distributions, with peripheral localization in large and uniform distribution in small azurophils. The distribution in nucleated granules is uncertain as too few were identified. In previous reports, using both cytochemical and immunogold staining techniques, elastase (and cathepsin G) was seen to be associated with only a part of relatively low-intensity peroxidase staining azurophil gran~les.''~'~~'~ What appeared to be small azurophils seemed to have little or no elastase gold label. These findings differ slightly from the present results where granulocyte elastase showed a definitive though weak reaction in both large and small azurophils. The differences may be attributable to variations in accessibility to the antibodies used, for technical reasons. More recently, elastase was reported to be present in all azurophil granules.3' The reaction of cathepsin G was intense. The protein could also be detected in the Golgi vesicles of early promyelocytes (Fig 2B) .
BPI is a highly basic non-catalytic protein of neutrophils with a bacteriostatic and bactericidal effect on Gram-negative bacteria.".'* We confirm its exclusive localization to the azurophil granules of myeloid cells. BPI appears to be encoded by a single gene whose expression is restricted to the precursors of neutrophils.33 The carboxy-terminal portion of BPI is devoid of antibacterial activity but may serve as an anchor into the granule membrane. This is supported by the cDNA structure for BPI, showing several potential transmembrane regions in the carboxy-terminal half, which may anchor the holoprotein in the granule membrane.?? In the resting neutrophil, BPI was thought to be tightly associated with the granule membrane and proteases may be activated during phagocytosis and degranulation to cleave BPI and release the amino-terminal portion conveying the antibacterial activity. Our results support this notion, as both large, small, and nucleated azurophils were found to contain BPI in the membrane-associated area. This is in contrast to the other granule proteins investigated whose intragranular disFor personal use only. on October 30, 2017. by guest www.bloodjournal.org From tribution varied among different types of azurophils or showed a uniform localization only.
We know of at least three subpopulations of azurophil granules that can be distinguished by electron microscopy as large, small, and nucleated, suggested to be formed at successive stages of cell differentiati~n.','~.'~ MPO, neutral proteases, and BPI all showed a peripheral localization in large azurophils. Thus the central part of these granules is not occupied by the granule proteins we have investigated, unless the antibody-reactive epitopes are masked by binding to a matrix structure. On the other hand the antimicrobial defensins have been shown to be present in large azurophils where they are by far the most abundant protein.' Defensins may therefore occupy the central parts of large azurophils. Alpha,-antitrypsin, a major elastase inhibitor, was also localized in the matrix of azurophil granules.3' In contrast to large azurophils, small azurophils displayed a uniform distribution of both MP0 and proteases investigated. BPI, on the other hand, displayed a peripheral localization in both granule types, suggesting a membrane association. It was more difficult to establish the precise intragranular localization of proteins to the matrix or crystalloid core of nucleated granules. In any case, MPO, BPI, cathepsin G , elastase, and proteinase 3 were seen to be present in these granules. A majority of nucleated granules (five nucleated azurophil granules observed in specimens that had been incubated with antibodies to proteinase 3) clearly showed the presence of labeling for proteinase 3 in the crystalloid core (Fig 4B) . Table 3 summarizes the intragranular localization of azurophi1 granule proteins. The pattern of intragranular distribution might to some extent be affected by the fixation and dehydration of the specimens, resulting in possible redistribution of constituents within the granules. Results from future work using ultrathin cryosectioning could shed light on this possibility.
One purpose for storing cytotoxic agents and digestive enzymes in cytoplasmic granules is to have them ready for release into phagocytic vacuoles (or extracellular release). Another purpose is to protect the cell from their cytotoxicity by immobilization in membrane-bound organelles. GranuloFor personal use only. on October 30, 2017. by guest www.bloodjournal.org From n cyte elastase and cathepsin G at least are synthesized as enzymes, most of which are highly cationic proteins, are transiently inactive zymogens, followed by activation kept inactive during storage. Azurophil granules contain glythrough proteolytic cleavage during sorting into storage cosaminoglycans,"~.'" which may function as an anionic magranules where they can be fully active." However, means trix and reversibly bind and thereby making cationic proteins should exist by which the cytotoxic proteins and digestive inactive. Such a complex could explain some of the masking of antigenic reactivity suggested to occur during neutrophil maturation.'8 The intragranular distribution of the constituents investigated may reflect their interactions with a matrix-structure except for BPI, which is probably associated with membranes. Future studies using immunogold techniques and antibodies to the protein core of glycosaminoglycans may provide additional information.
How are the different types of azurophil granules related to each other? Large azurophils have been suggested to be packaged before small az~rophils,'~ which could explain differences seen in the intragranular distribution of protein constituents. Because of these distinct differences, it is unlikely that the different types of azurophils represent stages in a granule maturation process, but rather sequential formation. The methods described here can be further used to investigate whether there is a selective release and/or redistribution of the various constituents as an effect of signals for degranulation in mature neutrophils.
